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DYNAMIC DIRECTIONAL STABILITY CHARACTERISTICS FOR A GROUP
OF BLUNT REENTRY BODIES AT TRANSONIC SPEEDS*

By Harleth G. Wiley, Robert A. Kilgore,
and Ernest R. Hillje

~SUMMARY

Measurements were made of the transonic aerodynamic damping in yaw
and oscillatory directional stability for models of a group of blunt,
high-drag, reentry bodies of revolution. The models were oscillated
approximately *2° about the yaw axis for a range of reduced-frequency
parameter, based on maximum model diameter, from 0.0lQ/to 0.105. Tests.
were made at angles of attack of 09, 59, and 10° for a!range of Mach
number from 0.59 to 1.35. Reynolds number for the tests, based on maxi-

mum model diameter, varied from 1. 8 x 106 to 5- 6 x 106.

Results show that the damping in yaw was crltically dependent upon
body variables, such as front-face shape, shoulder radius, body slope,
and base shape. Test Reynolds number and model’surface condition often
had a powerful influence on the measured damplng The effect of the test
and model conditions on the oscillatory. directlonal stabillty was less
pronounced.

INTRODUCTION

Blunt, high-drag bodies of revolution designed for reentry into an
atmosphere often have unpredictable aerodynamic!characteristics, partic-
uwlarly near transonic speeds where mixed flows are present. Examples of
these trends are the nonlinear static stability characteristics for blunt
bodies reported in references 1 and 2. Since the aerodynamic damping of
a reentry body can have significant effects on the motion as the body
decelerates toward transonic speeds and since fiow separstion powerfully
affects the static aerodynamic characteristics (for -example, see ref. 1),
tests to determine the dynamic stability of blugt reentry bodies were .
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deemed important. Transonic wind-tunnel tests of come of the directional

dynamic stability characterlstics of models of a group of high-drag
reentry bodies were made, therefore, in the Langley transonic blowdown
The models were oscillated in yaw by using a sting-mounted,
force-driven mechanism similar in principle to those described in-
references % and 4. :

tunnel.

SYMBOLS _

All serodynamic coefficients in this report are based on the maximum
diameter of the model as the reference dimension and are presented in the
body system of axes with moments referred to the oscillation axis.

A

ws’

time, sec

“time rate of

~ free-stream ma

i:inétantanéous'; gle of yaw, radians

2
meximum cross-sectional area of model, n(%) s sq»ft.

naximum dlameter of model ft unless otherwise indicated

“ifree- styeam Mach nuMber

«"Reynolds‘number based on 4

angular vel?city”ih~yaw, dy/dt, radians/sec

-angular acéele{ation in yaw, . 024 /3t2, radians/sec2

free—stream'vél city;‘fﬁ/ééc
angle of attack, deg
instantaneous éle of>sidéSlip‘(sin B = -sin ¥ cos a), radians
ﬁge of sideslip, OB/dt, radians/sec

1b-sec?

.density of-air, .
« - fth"

"”circular frequency, 2ﬁ(Frequency of oscillation), radians/sec,

ubscript, ® denotes data obtained by oscil-
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Yawing moment

Cn - yawing-moment coefficient,
| LW
2
Cnr yaWjdamping dérivative, change in yawing-moment coefficient. -
with change in yawing velocity, gégg—, per radian
&)
Cnf change in yaw1ng-moment coefficient w1th variation 1n rate of
0
change in yawing veloc;ty, ——935—, per radian
: Py d
y2
CnB static directional derivative, change in yawing-moment coef-
ficient with variation in sideslip angle, égg 5
- oB
B -0
per radian
Che change in yawing-moment coefficient withAvariétibn in rate of

B oCp
change of sideslip angle,
' d
()
v

(Cnr - Cpe cOS a) damping-in-yaw parameter,
B ® -V (Aerodynamic damping constant)

pV2

» per radian

, per radian

Ad2

\ , , V |

(CnB cos o + (%?)20111-, / oscillatory directiongl~stability parameter,
w Aerodynamic spring constant

pV

2

, per radian

Ad

APPARATUS AND MODELS

The tests were made in the lLangley transonic blowdown tunnel which
has a slotted, octagonal test section with 26 inches between flats. A
more complete description of the tumnel is given in reference 5. The
tests were made with a sting-mounted, hydraulically driven, oscillating
mech#fiism which maintains a single-degree-of-freedom angular yawing




oscillation of the model while measurements are made of the moment
required to maintain the known oscillation. The models are rigidly
forced to oscillate and the measured moments are unaffected by random
disturbances such as airstream turbulence and buffeting. The process

is similar in principle to that described in references 3 and 4. A
schematic representation of the oscillating model system with its
mechanical and electrical components and a photograph of the oseillating
mechanism are shown in figure 1. The model is oscillated at an amplitude
of about 2° and at frequencies from about 10 to 50 cycles per second.

The sting mechanism provides changes in angle of attack while maintaining
model position approximately on the wind-tunnel center line. All models
were bodies of revolution and were built principally of brass and alumi-
num with aercdynamically smooth exposed surfaces. Dimensions of the .
various models are given in figure 2.

TESTS AND PROCEDURE

The tests were made at Mach numbers from 0.59 to 1.35 but no data
are presented for Mach numbers where calculations, obtained by using the
method of reference 6, predicted wall-reflected shock disturbances on
the various models. ‘

Tunnel stagnation pressures were about 30 and 60 pounds per square
inch absolute with corresponding Reynolds numbers, based on maximum

model diameters, varying from 1.8 x 100 to 5.6 x 100 (fig. 3).

For certain tests a transition strip of carborundum grains, 0.001
to 0.002 inch in diameter, was applied to the models according to the
suggestions of reference 7. (See fig. 2 for location of transition
strip.) The effect of roughness type was investigated for one of the
models as explained subsequently in the section entitled "Effects of
Model Surface Condition and Reynolds Number."

Measurements were made at o = 09, 5°, and 10°. The reduced-
frequency parameter aﬂ/V varied from 0.019 to 0.105. 1In operation
of the oscillating balance and model system, calibrated outputs of the
moment and displacement strain gages are passed through coupled elec-
trical sine-cosine resolvers which rotate at the frequency of model
oscillation. (See fig. 1(a).) The resolvers split up the moment and
displacement signals into orthogonal components which are simultaneously
read on damped direct-current microammeters. From these components the
applied moment and displacement and the phase angle between them can be
found. With these and the measured oscillation frequency, the system
damping and oscillatory spring constants can be computed. The measured
wind-off characteristics were subtracted from the wind-on system meas-
urements to give the desired aerodynamic results. For maximum accuracy
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of damping measurements, the tests were made at or near the natural fre-
quency of the model system. (See refs. % and 4.) Tunnel Mach number;
dynamic pressure, and Reynolds number were determined from continuous
records indexed at the time each data point was taken.

ACCURACY

The ability of this forced~oscillation method to determine accu-
rately the damping of the oscillating model system was verified by using
eddy-current damping and free-decay methods as described in reference 3.
A comparison between the results of the two methods is given in figure 4
for several values of damping-coil current.

The dynamic data presented in this paper were taken during two
separate testing periods several months apart. Repeat test points
checked very well except where the model flow conditions were critical
and the measured moments were very dependent on the detailed flow over
the model. ;

Where a definite flow condition was well established, the accuracy
of determining the damping-in-yaw parameter was about.f0.l and the accu-
racy of determining the oscilla%ory-directional-stability parameter was
about *0.01. ’

Mach number was accurate to £0.01, angle of attack to £0.1°, and
unit Reynolds number to +0.1 x 100.

RESULTS AND DISCUSSION

Variations of the damping-in-yaw parameter anr - Cné cos a)a) and

AL
the oscillatory-directional-stability parameter (CnB cos a + (3?) Cnf>
e o

with Mach number for the models tested are presented in figures 5 to 12.
Short discussions of the more important trends are presented in the fol-
lowing sections. : :

Effects of Shoulder Radius

For both the square- and round-shoulder cylinder bodies of fineness
ratio 1 (models 100 and 110, respectively), the flow was apparently
separated over the afterbody at subsonic speeds as pointed out in refer-
erence 1. This separated flow gave appreciable negative damping (fig. 5).
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(Negative damping corresponds to a positive value of the damping-in-yaw
parameter (Cnr "Cné cos a)w.), Flow remained separated at supersonic‘

speeds for the square-shoulder model but apparently expanded around the
round-shoulder model and was attached to the afterbody giving positive
damping. This is particularly noticeable at a = 0°. (Note the scatter
in. the data at subsonic speeds where the flow around the shoulder was
critical.) For model 210 (fig. 6), with a converging body, the flow
remained detached at supersonic speeds even with the round shoulder

and produced the negative damping shown throughout the Mach number
range. For model 310, which had a diverging body and round shoulder,
the flow was attached throughout the Mach number range and gave positive
damping. (See fig. 7.) The flow appeared to be partially separated at
-subsonic speeds for the square shoulder of model 300 and gave slight
negative damping. The flow was attached for this model at supersonic
speeds and resulted in positive damping similar to that of the round-
shoulder model 310. (Again note the scatter in the data for the critical
flow regions at subsonic speeds.)

Further evidence of this effect of separation on damping occurred
for models 40O and 410, which are reentry bodies of higher fineness
ratio. (See fig. 8.) At subsonic speeds and a = O°, the separated
flow caused zero or negative damping for both bodies. Model LOO with
the square shoulder, had considerably greater negative damping -than had
model 410 with the round shoulder. Above sgonic speeds the flow expanded
around the shoulder and provided about the same measure of positive
damping for both bodies.

For the several bodies just discussed, increased negative damping
was accompanied by increased stability (a positive value of oscillatory-
directional~stability parameter). Attached flow which provided the

positive damping decreased the oscillatory-directional-stability paraméter.

Effects of Angle of Attack

For the flat~face bodies, increase in angle of attack decreased the
negative demping for test conditions with negative damping at a = 0°,
and decreased the positive damping for conditions with positive damping
at a = 0°. (See figs. 5 to 8.) This phenomenon is explained when it
is considered that negative damping resulted from a separated flow region
which was agxially symmetric and shaped like a truncated cone. Increase
in angle of attack caused the flow-cone to intersect the body on its
lower surface and thus provided locally attached flow and a degree of
positive damping. Conversely, for initially attached flow at o = O°,
increase in angle of attack caused an eventual separation on the upper
surface with a decrease in total damping. Increase in angle of attack
tended to decrease the oscillatory stability parameter although the
effect is not pronounced. (Again, see figs. 5 to 8.)

VAN A I
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Results at: Sonic Speed

- Sharp increases in negative damping near sonic speeds followed by
an abrupt break to positive damping for: supersonic speeds are ncted for
models 110 and 410 (figs. 5 and 8). A corresponding break in the oscil-
latory stability parasmeter is present. Similar trends in damping were
found for similar bodies in wind-tunnel tests of reference 8, in free-
flight tests of references 9, 10, and 11, and in ballistic-range tests
of reference 12. Reference 8 considers this high negative damping to be
the result of a hysteresis loop in the variation of moment with displace-
ment angle. Since the static variation of moment with displacement angle
was not determined in these tests, this hypothesis cannot be verified.

Effect of Center-of-Rotation Position

. Tests of the effect of center-of-rotation position at a = 0° were
made with models 311, 312, and 313 (which are slightly larger versions of
model 310) with diverging body slopes. No appreciable effects of center-
of-rotation position are noted for the damping-in-yaw parameter (fig. 9).
The portion of the damping contributed by loads on the face and hase would
be largely independent of longitudinal location of the center of rotation.
Movement of the center of rotation rearward decreased the level of the
oscillatory-directional-stability parameter for this shape; thls decrease
implies that the stability is a function of the longitudinal loading in
phase with displacement.

Effects of Model Surface Condition and Reynolds Number

‘Model 510 is representative of a ballistic body of conical shape with
a spherical segment nose. Damping of this model was positive at Mach num-
bers above 0.8 for all angles of attack (fig. 10). At Mach numbers less
than 0.8, the flow was extremely critical and depended upon Reynolds num-
ber and the surface condition of the model nose. For the smooth condition,
damping was negative at these subsonic speeds. Two-dimensional roughness
in the form of a band of heavily distributed carborundum gralns in glue
did not affect the damping. A l/lO ~-inch-wide, 0.:03-inch-thick trip-ring
caused slight positive damping but did not produce the flow condition or
the level of damping caused by the 1/10-1nch-w1de ‘three-dimensional rough-
ness strip in - the form of carborundum grains, 0.001l to Os092f1nch in
diameter, applied sparsely to the nose of the model according to. the
method of reference 7.

Increaéing the Reynolds number for both'the two- and three-dimensional
roughness resulted in. about the same increment of positive damping for
these low Mach numbers.. : ; « :
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The application of the trip—rlng and three-dimensional roughness
slightly increased the oscillatory~directional-stability parameter at
subsonic speeds. At these lower Mach numbers increasing the Reynolds
number increased the oscillatory-directional-stability parameter for
the three~dimensional roughness condition only, while at supersonic
speeds the increase in Reynolds number appeared to have no effect.

These important effects of test technique stress the fact that in
dynamic testing of scale models of bodies of this sort, the full-scale
flow condition, especially Reynolds number, must be reproduced. The

- aerodynamic damping of blunt bodies is very dependent upon detailed
flow conditions over the body.

Effect of Body Base

Tests were made of model 510 with the original spherical segment
base replaced with a flat base (model 500). Ioads on the base of this.
body are obviously important inasmuch as the model with the flat base .
“had about twice as much positive damping but half as much oscillatory
stability in comparison with results with the model with the spherical-
segment base (fig. 10). A similar effect on a body of this type was
reported in reference 13.

Results for Specific Body Shapes

Model 600 (fig. 11), which is representative of a typical manned
reentry body shape, showed moderately positive damping throughout the
Mach number and angle-of-attack ranges and showed a very small value
of positive stability. Doubling the Reynolds number at subsonic  speeds
showed no effect on either parameter.

Models 700 and 800, which were somewhat similar ballistic bodies,
showed the significance of detailed differences. Model TOO in the
smooth condition had moderate negative damping throughout the Mach num-
ber range (fig. 12). Application of roughness caused high negative
damping subsonically and esgsentially zero damping supersonically.
Doubling the Reynolds number for the rough model gave the same damping
“as for-the smooth model at low Reynolds numbers. Damping-in-yaw and

oscillatory-directional-stability parameters for model 800, on the other

hand, were negligible for the test conditions.

Effect of Frequency on Stability

The static stability derivative CnB’ as determined from the tests

of reference 1, is compared with the oscillatory-directional-~stability

oW\t
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parameter (Cnﬁ cos « + G%%) Cnf) in figure 13 for identical bodies.
; I .

The good agreement between oscillatory and static data for models 110,
300, and 310, show that there was negligible frequency effect on- the
yaw stability derivatives. For model 210 of the present tests and
model 9 of reference 1, there is some difference between levels of the
static and oscillatory data although the trend with Mach number is simi-
lar. This difference in level is probably due to the effect of Reynolds
number on the position of the flow separation although frequency effect
may have caused some change. ’

CONCLUDING- REMARKS

Transonic wind-tunnel tests were made to determine the damping-in-
yaw and oscillatory-directional-stability parameters for models of vari-
ous blunt, reentry shapes. Tests were made at Mach numbers of 0.59 to
1.35 and at angles of attack of 0°, 5°, and 10° Reynolds number, based

on maximum body diameter, varied from 1.8 X 106 to 5.6 X lO6 and- oscil-
lation amplitude was about 2° for reduced- -frequency parameters from 0.019
to 0.105.

Results show that the damping in yaw was critically dependent upon
the detailed flow conditions over a blunt body. For flat-face bodies,
negative damping resulted from separated flow on the afterbody whether
caused by shoulder radius, body slope, Mach number, or angle of attack.
Shape of the body base was important. The powerful influence of Reynolds
number and type of transition roughness applied to some of the models
emphasized that full-scale flow conditions must be reproduced closely for
valid damping tests of blunt bodies. The oscillatory-directional sta-
bility was dependent upon: the aforementioned factors but was not so
critically affected as was the damplng in yaw.

Langley Research Center,
National Aeronautics and Space Admlnistratlon,
Langley Field, Va., June 29, 1960.
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Figure %.- Variation of Reynolds number with Mach number for all models
tested. Stagnation temperature, 70° F. (Dashed lines are for the
models from ref. 1.)
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Mach number, M

2
Figure 13%.- The variation of Cp and {Cp, €08 a + (a—ii> Chs with
B B v T/
Mach number at o = 0° for models 110, 210, 300, and 310 with and

without roughness. (Flagged symbols indicate no roughness was
applied.)
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